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SUMMARY 

A comprehensive analytical procedure for the determination of 

the thermal balance of a manned orbital space station has been 

developed. The procedure inclQdes a semi-empirical method for 

finding the view-factors for external radiation calculations over 

the vehicle surface. 

Manned Orbital Space Station currently under study.at the NASA 

Langley Research Center. 

The procedure is applied to the erectable 

The results of the analysis prove conclusively the feasibility 

of maintaining a "shirt-sleeve" temperature environment within the 

living quArters of the vehicle with a semi-active temperature con- 

trol system. The design philosophy consists of providing external 

radiation characteristics which maintain comfortable internal air 

temperature during the *'hotrr portion of the orbit. 

which comprises the living area of the vehicle, is isolated from 

the life-support cylinder, which is allowed to run at higher 

temperatures during this part of the orbit. 

reaches the shadow portion of the orbit the cylinder air is in- 

troduced into the torus and allowed to m b c  with the torus air, 

minimizing the torus temperature fluctuation. 

The torus, 

When the vehicle. 

Off-design Conditions are investigated to determine the 

fail-safe characteristics of this type of system. 
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I 
INTRODUCTION 

The concept of an e rec t ab le  Manned O r b i t a l  Space S t a t i o n  as 

envis ioned by NASA's Langley Research Center requires t h e  simul- 

taneous s o l u t i o n  of s eve ra l  i n t e r e s t i n g  and unique h e a t  t r a n s f e r  

problems (See Figure 1). The complex geometry, fixed axial 

o r i e n t a t i o n  during o r b i t  and t h e  u s u a l  requirements of low weight 

and high r e l i a b i l i t y  present  severe des ign  requirements.  

are f u r t h e r  complicated by t h e  n e c e s s i t y  t o  maintain a " s h i r t -  

sleeve" l i f e  support  environment w i t h i n  t h e  vehic le .  

f u l  s o l u t i o n  of t h e s e  problems r e q u i r e s  an  a n a l y s i s  which a l lows  

each v a r i a b l e  f a c t o r  t o  be examined i n d i v i d u a l l y  f o r  i t s  e f f e c t s  

on t h e  o v e r a l l  thermal  balance of t h e  vehic le .  

procedure has  been devised and i s  presented  herein.  

se t ,  t h e  thermal  ba lance  sys tem was limited t o  a semi-active design.  

I n  no c a s e  would a mechanical dev ice  o r  power consuming equipment 

be used t o  con t ro l  t h e  vehicle  temperature.  One concession was  

made i n  t h i s  regard,  t h a t  o f  a l lowing t h e  use  of con t ro l l ed  in-  

t e r n a l  a i r  c i r c u l a t i o n  t o  modulate t h e  h e a t  flux rates w i t h i n  t h e  

These 

The success-  

Such an  a n a l y t i c a l  

From t h e  out-  
\ 

vehicle .  

Major emphasis was  placed on t h e  establ ishment  of methods t o  

handle t h e  var ious  phases of t h e  a n a l y s i s  r a t h e r  than  on t h e  

r ap id  de te rmina t ion  of numerical va lues  of temperature  over  t h e  

vehic le .  The j u s t i f i c a t i o n  fov t h i s  approach i s  two-fold. F i r s t ,  

it has been demonstrated throughout t h e  course of t h i s  work t h a t  

t h e  conf igu ra t ion  of t h e  vehic le  i s  not  firmly es t ab l i shed .  Any 
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numerical r e s u l t s  appl icable  t o  one conf igura t ion  would no t  

n e c e s s a r i l y  apply t o  others .  Second, it would be h igh ly  im- 

p r a c t i c a l  t o  a t tempt  t o  cover a l l  t h e  p o s s i b l e  permutations and 

combinations of su r face  coat ings,  o r i e n t a t i o n  sequences, o r b i t s ,  

i n t e r n a l  power d i s s ipa t ion  schedules ,  and a i r f l o w  rates  and 

p a t t e r n s  even f o r  one configurat ion.  

s p e c i f i c  sets of des ign  data  have not  been i n v e s t i g a t e d  i n  d e t a i l .  

Indeed, a series of coating c h a r a c t e r i s t i c s  have been compared 

f o r  a given o r b i t  and vehic le  conf igura t ion .  I n  add i t ion ,  several 

o f f -des ign  condi t ions  have been analyzed t o  determine t h e  "fai l -  

safe"  c a p a b i l i t y  of t h e  recommended thermal  system. Basically, 

however, t h e  aim of t h i s  s tudy  has been t h e  establ ishment  o f  a n  

a n a l y t i c a l  procedure s u f f i c i e n t l y  complete and a c c u r a t e  so t h a t  

i t  could be  used t o  design a semi-act ive thermal  c o n t r o l  system 

f o r  a manned o r b i t i n g  vehicle  of  complex geometr ic  shape. 

This  i s  not  t o  s a y  t h a t  

* 

. 

The major sources  of hea t  t o  t h e  v e h i c l e  are t h e  sun and t h e  

ea r th ,  by e x t e r n a l  rad ia t ion ,  and t h e  i n t e r n a l  power d i s s i p a t i o n  

of e l e c t r i c a l  and e l ec t ron ic  equipment by r a d i a t i o n ,  conduction 

and convection. Since most  e x t e r n a l  s u r f a c e  areas on t h e  veh ic l e  

r ece ive  r a d i a t i o n  not only from t h e  sources  d i r e c t l y ,  bu t  by 

r e f l e c t e d  source  r ad ia t ion  from o t h e r  areas, a semi-empirical  

method f o r  t h e  determinat ion of t h e  t o t a l  r a d i a t i o n  absorbed by 

any su r face  area has been devised. The r a d i a n t  

tween i n t e r i o r  sur face  areas  i s  c a l c u l a t e d  by a 

t akes  advantage of t h e  f a c t  t h a t  a t o r u s  can be 

a n a l y t i c a l l y .  
i 

i n t e rchange  be- 

procedure which 

descr ibed  
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I 

The problems of of f -des ign  condi t ions  have been approached 

from t h e  s tandpoin t  of providing maximum time f o r  v e h i c l e  repair 

i n  t h e  event  of fa i lure  of some necessary v e h i c l e  component. 

, Obviously, t h e  d e s i r e  t o  avoid an a c t i v e  temperature  c o n t r o l  

system jmposes c e r t a i n  r e s t r i c t i o n s  on t h e  c a p a b i l i t y  of t h e  

system t o  handle a l l  exigencies.  Many times, however, emergency 

condi t ions  are self-compensating. For example, a failure of t h e  

s t a b i l i z a t i o n  system could cause t h e  s o l a r  c o l l e c t o r  t o  be  

o r i en ted  180" away from the sune 

area of t h e  t o r u s  t o  d i r e c t  s o l a r  r ad ia t ion .  

t h e  miso r i en ta t ion  of t h e  c o l l e c t o r  would produce a power failure 

which would e l imina te  t h e  i n t e r n a l  hea t  f l u x .  This  compensating 

e f f e c t  prolongs t h e  t ime in  which repairs can be at tempted be fo re  

t h e  v e h i c l e  would have t o  be abandoned. 

This would expose t h e  maximum 

On t h e  o t h e r  hand, 
I 

The gene ra l  philosophy which has been followed i n  t h e  des ign  
I 

of t h e  thermal  con t ro l  system i s  based on producing a "cold- 

running" t o r u s  t o  which heat can be added as required.  This  

extra hea t ,  when needed, is  drawn from t h e  l i f e  support  cy l inder ,  

which i s  allowed t o  run  h o t t e r  than  t h e  t o r u s .  

p a r t  of t h e  o r b i t ,  t h e  exchange of a i r  between t o r u s  and cy l inde r  

is c u r t a i l e d  and t h e  cyl inder  temperature  rises. 

e n t e r s  t h e  e a r t h ' s  shadow and hea t  is r equ i r ed  i n  t h e  cy l inder ,  

t h e  a i r  i n  t h e  cy l inde r  i s  mixed with  t o r u s  a i r  t o  r e p l a c e  t h e  

D u r i n g  t h e  hot  

When t h e  v e h i c l e  

hea t  l o s t  from t h e  to rus .  For t h e  

i n  a cold veh ic l e  which i t  i s  f e l t  

and/or compensated f o r  than one of 

11-4 

most p a r t ,  emergencies result 

is  much easier toleI \a ted 

excess ive  temperature.  



I 

H 

h 

L 

Q 

r 

T 

w 
d 
d 

P 

s- 
€ 
s 
7 
e 

V 

P 
a 

\ 
SYMBOLS 

View f a c t o r  as a func t ion  of  o r i e n t a t i o n  angle. 

V i e w  f a c t o r  of space. 

A l t i t ude  of  vehic le  above e a r t h ' s  sur face .  

Fi lm coe f f i c i en t  

Distance from e a r t h  s u r f a c e  area t o  vehic le .  

Heat flux 

mean r a d i u s  of ea r th .  

Temperature O R  

So lar  constant = 1+40 BTU/HR-FT~ 

Absorp t iv i ty  

Cent ra l  angle of s p h e r i c a l  cap 

Angle between outward n o w 1  t o  e a r t h  s u r f a c e  area 

and l i n e  from e a r t h  s u r f a c e  area t o  vehic le .  

Sweep ang le  o f  s p h e r i c a l  cap 

U s  s i v i  t y 

Angle between earth-sun l i n e  and ear th- to-vehicle  l i n e .  

Angle between v e h i c l e  axis and l i n e  from e x t e r n a l  r ad i -  

a t i o n  source t o  vehic le .  

P o s i t i o n  of vehic le  i n  o r b i t  measured from noon 

p o s i t  i o n  . 
Rota t iona l  pos i t i on  angle of veh ic l e  

Angle between earth-sun l i n e  and normal t o  e a r t h  

su r face  a rea .  

Stephan-Boltzmann Constant = .173 x BTU/HR-FT2-"F4 
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Angle of i nc l ina t ion  of o r b i t  t o  earth-sun l i n e .  + =  

AL = Albedo 

Subscr ip ts  

E =  Ear th  

Solar  - - 
S 

- Vehicle v -  

Source 1 =  

2 =  Receiver 

\ 

. 
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I 

DETAILS OF STUDY 

A.  General 

There a r e  s e v e r a l  dominant c h a r a c t e r i s t i c s  of t h e  Manned 

O r b i t a l  Space S t a t i o n  which a f f e c t  i t s  thermal  balance.  For one 

th ing ,  t h e  vei-,lc-Je is designed to A...h7+ u;u t h e  e a r t h  ~ i t h  its LXFS 

of s , m e t r y  f i x e d  wi th  r e l a t i o n  t o  t h e  sun. 

the re fo re ,  i s  t h e  only  component of t h e  v e h i c l e  which r ece ives  

d i r e c t  s o l a r  r a d i a t i o n  under n o r m 1  condi t ions  of opera t ion .  

The remainder of t h e  vehicle  i s  subjec ted  only  t o  e a r t h  r ad ia -  

t i on ,  albedo, and r ad ia t ion  from t h e  underside of  t h e  c o l l e c t o r .  

The e r e c t a b l e  s t r u c t u r e  i s  of r e l a t i v e l y  low thermal  c a p a c i t y  

which impl i e s  a marked tendency f o r  t h e  v e h i c l e  tempera tures  t o  

fol low c l o s e l y  t h e  var iab le  f lux  rates  dur ing  o r b i t .  

The s o l a r  c o l l e c t o r ,  

These f l u x  rate va r i a t ions  are t h e  r e s u l t  of two f a c t o r s .  

F i r s t ,  t h e  o r i e n t a t i o n  of t h e  v e h i c l e  w i th  r e spec t  t o  t h e  e a r t h  

changes wi th  p o s i t i o n  i n  o rb i t .  Second, t h e  v e h i c l e  g e n e r a l l y  

e n t e r s  t h e  shadow of t h e  ea r th  and r ece ives  no s o l a r  r a d i a t i o n  

o r  albedo during t h a t  period. 

e l imina ted  if t h e  angle of i n c l i n a t i o n  of t h e  o r b i t a l  p l ane  wi th  

r e spec t  t o  t h e  earth-sun l i n e  i s  90'. I n  t h a t  o r b i t ,  t h e  v e h i c l e  

r ece ives  a minimum of albedo r a d i a t i o n ,  t h e  amount being cons tan t  

during t h e  e n t i r e  o r b i t  (See Figure 

a cons tan t  ra te  t o  t h e  vehicle  s i n c e  it llsees" t h e  same view of  

t h e  v e h i c l e  during t h e  e n t i r e  o r b i t .  

Both t h e s e  v a r i a t i o n s  can be 

18). The e a r t h  radiates a t  

E 

' ?  
j 
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I 

A more reasonable  s e l e c t i o n  of  o r b i t a l  i n c l i n a t i o n ,  based on 

pure ly  phys ica l  considerat ions,  would be made by launching easterly 

from Cape Canaveral. 
e 

This would result i n  a n  i n c l i n a t i o n  angle 

w i t h  r e s p e c t  t o  t h e  e c l i p t i c  of anything between 0" and 55', de- 

pending upon t h e  date and t i m e  of iauncn. 

,,he i n e l i n a t l m  a@e, t h e  less extreme the f l u c t u a t i o n  i n  in-  

I n  genera;, the g r e ~ t e r  

4. 

c iden t  r a d i a t i o n  flux during t h e  o r b i t .  

p recess ion  ra te  o f  t h e  o r b i t  decreases  w i t h  i n c r e a s e  i n  angle of 

A t  t h e  same time, t h e  

i n c l i n a t i o n .  I n  o rde r  t o  minimize t h e  e f f e c t  of o r b i t a l  pre- 

cession,  t h e  date and time of launch should be s e l e c t e d  so that 

t h e  des i r ed  angle of i n c l i n a t i o n  i s  reached as a maximum when 

t h e  f l i g h t  i s  h a l f  completed. For purposes of  temperature  com- 

puta t ion ,  a n  angle of i n c l i n a t i o n  of 30" t o  t h e  earth-sun l i n e  

was  a r b i t r a r i l y  se lec ted .  

I n  o r d e r  t o  reduce the c o n t r o l  requirements  of t h e  thermal  

balance, t h e  v a r i a t i o n s  i n  e x t e r n a l  f lux absorbed by  t h e  v e h i c l e  

should be minimized. The above d i scuss ion  of o r b i t a l  s e l e c t i o n  

desc r ibes  one method by which t h i s  i s  accomplished. 

Another and much more e f f e c t i v e  method of c o n t r o l l i n g  t h e  

flux ratee i n t o  and ou t  of t h e  v e h i c l e  i s  t h e  jud ic ious  s e l e c t i o n  

of su r face  coat ings.  The inf luence  of  d, + e  , t h e  a b s o r p t i v i t y  

t o  s o l a r  r a d i a t i o n  and in f r a red  emissivity, r e spec t ive ly ,  on t h e  

veh ic l e  temperatures  during o r b i t  i s  considerable .  

- - -  

# 

By making 

proper use  o f  t h e s e  c h a r a c t e r i s t i c s ,  t h e  mean temperature  and t h e  

extremes canlbe  adjusted.  All o the r  t h i n g s  be ing  equal ,  t h e  

v-2 
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higher  t h e  va lue  of dqt= 
t h e  sur face .  

, t h e  h igher  t h e  mean temperature  of 

The a n a l y s i s  descr ibed i n  t h i s  r e p o r t  i s  based upon t h e  

following gene ra l  design philosophy. 

should minimize as much as poss ib l e  

flu dur ing  t h e  o r b i t .  .The coa t ings  which are app l i ed  should be 

s e l e c t e d  so t h a t  t h e  temperature of  t h e  a i r  i n  t h e  t o r u s  does no t  

exceed t h e  maximum allowable va lue  a t  t h e  h o t t e s t  p o i n t  i n  t h e  

o r b i t .  Th i s  imp l i e s  t h a t  t h e  v e h i c l e  never needs cool ing.  

o t h e r  hand, i nhe ren t  i n  t h i s  type of approach i s  t h e  tendehcy of 

t h e  v e h i c l e  temperature to  drop below t h e  a l lowable  minimum during 

t h e  cold p o r t i o n  of t h e  orbi t .  I n  o rde r  t o  r e p l a c e  t h e  hea t  which 

t h e  t o r u s  t ends  t o  l o s e  when i n  shadow, some source  of hea t  must 

be  provided which can be brought i n t o  t h e  t o r u s  when needed. 

l i f e  suppor t  cy l inde r  and the  equipment w i t h i n  it can be made t o  

se rve  t h i s  purpose most adequately. 

cy l inde r  has  a higher  m a x i m u m  a l lowable  temperature  than  t h e  

i n s i d e  of t h e  to rus ,  and the cy l inde r  coa t ings  are s e l e c t e d  t o  

prevent  t h e  cy l inde r  from exceeding t h a t  temperature  a t  t h e  

h o t t e s t  p o i n t  i n  t h e  o r b i t .  During t h e  hot  p o r t i o n  of  t h e  o r b i t  

t h e  hea t  from t h e  equipment i s  t r a n s f e r r e d  t o  t h e  cy l inde r  w a l l s  

and f ace  by conduction, connection, and r a d i a t i o n .  

t h e  cy l inde r  i s  prevented from e n t e r i n g  t h e  t o r u s  during t h i s  

po r t ion  o f  t h e  o r b i t .  

due t o  reduced e x t e r n a l  flux, t h e  equipment hea t  from t h e  l i f e  

The o r b i t a l  i n c l i n a t i o n  

t h e  f l u c t u a t i o n s  i n  e x t e r n a l  

On t h e  

The 

The equipment w i t h i n  t h e  

The a i r  i n  

When t h e  t o r u s  temperature  begins  t o  drop 

v-3 
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, 

support  c y l i n d e r  i s  brought i n t o  t h e  t o r u s  by convect ion and mass 

t r a n s f e r  t o  compensate i n  par t  f o r  t h e  reduct ion  i n  absorbed flux. 

The e f f e c t  of t h i s  added heat i s  a minimized temperature  v a r i a t i o n  

i n  t h e  t o r u s .  

I n  a d d i t i o n  t o  introducing added hea t  i n t o  t h e  t o r u s  dur ing  

t h e  cold p o r t i o n  of t h e  orb i t ,  it i s  p o s s i b l e  t o  reduce t h e  h e a t  

t r a n s f e r  rate o& of t h e  to rus  by reducing t h e  v e l o c i t y  of t h e  

a i r  ad jacen t  t o  t h e  w a l l s .  I n  t h e  l i f e  support  cy l inde r ,  t h e  

convection rate from t h e  air t o  t h e  walls should be s i m i l a r l y  

reduced. 

from t h e  equipment t o  t h e  a i r  i n  t h e  cy l inde r  should be kept  as 

high as poss ib l e .  

On t h e  o t h e r  hand, t h e  rate a t  which h e a t  i s  convected 
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B. Methods 
I 

1. View Fac tors  f o r  Externa l  Source 

I n  o rde r  t o  compute the amount of i n c i d e n t  r a d i a t i o n  from 

e x t e r n a l  sources  which i s  absorbed by t h e  va r ious  s u r f a c e s  of t h e  

s a t e l l i t e  it i s  necessary  t o  d e t e r r i n e  an  appropr i a t e  se t  of view 

f a c t o r s  f o r  t h e  given configurat ion.  

as t h e  r a t i o  of t o t a l  r ad ia t ion  inc iden t  on a s u r f a c e  t o  t h e  

The view f a c t o r  i s  def ined  

t o t a l  r a d i a t i o n  a f l a t  p l a t e  of equal  area would r e c e i v e  i f  it 

were o r i en ted  normal t o  the  i n c i d e n t  ray. These view f a c t o r s  

would be, i n  genera l ,  a funct ion of t h e  two ang le s  necessary  t o  

desc r ibe  t h e  o r i e n t a t i o n  of t h e  su r face  wi th  r e s p e c t  t o  t h d  

source (See Figure 2). For a f l a t  p l a t e  w i t h  no r e f l e c t i n g  

areas near  it, t h e s e  view f a c t o r s  are  obviously determined by 

Lambert's Cosine Law. Likewise, view f a c t o r s  f o r  a s u r f a c e  

which can be approximated by s e v e r a l  p lane  s u r f a c e s  may be 

determined by applying Lambel'k's Law t o  each s u r f a c e  ,and t ak ing  

a weighted average based on areas. I n  t h i s  case,  however, ca re  

1 

must be taken  t o  account for  t h e  p o s s i b i l i t y  of one su r face  

cas t ing  a shadow on another, o r  more d i f f i c u l t ,  su r f aces  re- 

f l e c t i n g  t h e  r a d i a t i o n  among themselves. 
I 

When t h e  su r face  i s  

as h ighly  complex as  t h e  cy l inder - torus-co l lec tor  conf igura t ion ,  

a n a l y t i c a l  de te rmina t ion  of t h e s e  view f a c t o r s  i s  out  of t h e  

ques t ion  f o r  any po r t ion  of t h e  su r face  except s e c t i o n s  which do 

not  l1seef1 o the r  p a r t s  of the veh ic l e .  

a n  experimental  method must be used t o  determine view f a c t o r s .  

Under t h e s e  circumstances,  
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The experiment must determine t h e  percentage of f u l l  i n t e n s i t y  

normal r a d i a t i o n  i n c i d e n t  on each s e c t i o n  of  t h e  v e h i c l e  from a 

po in t  sou rce  a t  a g r e a t  dis tance.  

model of t h e  veh ic l e  w a s  constructed.  

For t h i s  purpose, a s c a l e  

Light  w a s  used as t h e  r a d i a t i o n  s i n c e  it may be  easily 

measured w i t h  s o i a r  c e i i s  o r  o t h e r  simple detectors. 

t h e  l i g h t  i s  t o  s imula te  a po in t  source a t  a g r e a t  d i s t a n c e  it 

must be p laced  a t  a s u f f i c i e n t  d i s t a n c e  from t h e  model so  t h a t  

t h e  i n c i d e n t  energy i s  coll imated. General ly ,  twenty o r  more 

model d iameters  i s  s u f f i c i e n t .  The fol lowing procedures were 

Doeza\ise 

followed. The test  area was darkened t o  e l imina te  s t r a y  l i g h t  

t o  t h e  model by bu i ld ing  a cage around it. The i n s i d e  su r faces  

of t h e  cage were t r e a t e d  t o  prevent  r e f l e c t i o n .  

A carbon-arc spo t l igh t  w a s  used t o  provide high i n t e n s i t y  

l i g h t  over  t h e  e n t i r e  model (See Figure 

formity of t h e  i l lumina ted  a r e a  was s a t i s f a c t o r y ,  t h e  a r c  had a 

A). While t h e  uni- 

tendency t o  f l i c k e r  i n  i n t e n s i t y  due t o  changes i n  a r c  gap. 

a t tempt  w a s  made t o  use  a tungsten f i l amen t  lamp of high i n -  

t e n s i t y .  

w a s  no longe r  uniform due t o  low-quality o p t i c s  i n  the system. 

The t e s t s  were completed with t h e  carbon-arc source.  

An 

The problem of f l i c k e r  was eliminated. bu t  t h e  f i e l d  

The geometr ica l ly  scaled model (1/12 s c a l e )  w a s  instrumented 

wi th  s o l a r  c e l l s  (See Figure C ) a t  s i g n i f i c a n t  su r f ace  areas. 

A c o n t r o l  c e l l  was placed near t h e  model normal t o  t h e  i n c i d e n t  

l i g h t  t o  a c t  as an i n t e n s i t y  monitor. 

I 

The c e l l s  were c a l i b r a t e d  

V-6 



1 

i 

d' 
L." i 

p r i o r  t o  i n s t a l l a t i o n  t o  insure t h a t  t h e i r  response w a s  l i n e a r  

wi th  i n t e n s i t y  va r i a t ions .  The model was f i r s t  o r i e n t e d  w i t h  i t s  

axis c o l i n e a r  with t h e  inc iden t  r a d i a t i o n .  I n  t h i s  p o s i t i o n  it 

was, r o t a t e d  360° about t h e  axis and readings were taken  every 30". 

rnL ine axis FZS then s e t  a t  an angle zf 2Q" t o  t h e  l i g h t  beam ad- 

t h e  readings  were taken again f o r  r o t a t e d  p o s i t i o n s  through 360". 

The t e s t s  were repeated every 20" of axis angle  through U O O .  (At 

t h a t  po in t  t h e  c o l l e c t o r  shaded almost t h e  e n t i r e  veh ic l e ) .  The 

e n t i r e  process  was repeated f o r  s e v e r a l  coa t ings ,  d i f f u s e  and 

specular .  The results a r e  presented i n  Figures  through . 
It should be noted here  t h a t  t h e  d a t a  i s  presented as a func t ion  

of t h e  v e h i c l e  axis angle  only. 

r o t a t i o n  angle  have been averaged out  because t h e  v e h i c l e  r o t a t e s  

The va lues  wi th  r e spec t  t o  
I 

during o r b i t .  To inves t iga t e  a non-rotat ing vehic le ,  it would be 

necessary  t o  use each view f a c t o r  as i n i t i a l l y  determined ( t h a t  is, 

as a func t ion  of axis angle and r o t a t i o n a l  o r i e n t a t i o n ) .  

I n  o rde r  t o  c a l c u l a t e  t h e  amount of e a r t h  r a d i a t i o n  absorbed 

by a given por t ion  of t h e  s a t e l l i t e  a t  any p o s i t i o n  i n  o r b i t  t h e  

fol lowing procedure i s  used. The %isible" s p h e r i c a l  cap of t h e  

earth i s  d iv ided  i n t o  a s e r i e s  of rings, t h e  r i n g  areas then  are 

subdivided i n t o  segments (See Figure The va lues  of vim 

f a c t o r s  over  t h e  veh ic l e  fo r  d i f f e r e n t  axis a n g l e s a r e t a b i d a t e d .  

2 ). 

For each po r t ion  of rad ia t ing  su r face  on t h e  ea r th ,  t h e  angle  

between t h e  veh ic l e  axis and t h e  l i n e  between r a d i a t i n g  su r face  and 

veh ic l e  a r e  computed. The appropr i a t e  view f a c t o r  f o r  t h e  given 
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.:I veh ic l e  p o r t i o n  a t  t h a t  ax i s  ang le  is determined from t h e  table. 

T h i s  f a c t o r  i s  c a l l e d  f"( The r a d i a t i o n  absorbed i s  then: ). ? 

U" i 

T h i s  equat ion i s  then  in t eg ra t ed  over t h e  e n t i r e  s p h e r i c a l  cap. 

For each new cap p o r t i o n  t o  be ca l cu la t ed  a new va lue  of 

computed and t h e  appropr ia te  va lue  of .+ ( ) i s  se l ec t ed .  -'7' 
The m u n t  of albedo r a d i a t i o n  absorbed by a s e c t i o n  of t h e  

veh ic l e  i s  s i m i l a r l y  ca lcu la ted  except that an added va r i ab le ,  

t h e  angle  between t h e  earth-sun l i n e  and t h e  outward normal t o  

any segment of t h e  spher ica l  cap i s  computed i n  o rde r  t o  de t e r -  

mine t h e  output  of t h e  cap surface.  The equat ion  t o  be inte-  

r2 s i n 4  d e  doC 

g ra t ed  i s  as follows: 

The v a l i d i t y  of t h e  above descr ibed  t es t  procedure r equ i r e s  

t h a t  t h e  combihation of r e f l e c t i v i t y  of t h e  s u r f a c e  as measured 

and t h e  test  source spectrum be t h e  same as t h a t  of  t h e  prototype 

and t h e  r a d i a t i o n  spectrum it w i l l  encounter.  

d i f f u s e  g rey  su r face  is t e s t ed  under v i s i b l e  l i g h t  and t h e  su r face  

For example, i f  a 

has  a s t rong  specular  r e f l e c t i o n  component i n  t h e  I R  reg ion  of t h e  

spectrum, then  t h e  tes t  values of  x (  
c u l a t e  r a d i a t i o n  from t h e  ea r th .  

f a c t  t h a t  t h e  major i ty  of t h e  e a r t h  r a d i a t i o n  i n t e n s i t y  l i e s  i n  

t h e  near-to middle-IR region of t h e  epectrum. 

t i o n  ca l cu la t ion ,  on t h e  o the r  hand, can be s a f e l y  made using t h e  

) cannot be used t o  ca l -  

This  of course results from the  
7 

The albedo rad ia-  



1 

“-1 

-1 

t e s t  va lues  s i n c e  albedo r a d i a t i o n  f a l l s  predominantly i n  t h e  

v i s i b l e  l i g h t  region. 

Another f a c t o r  t o  be avoided i n  s c a l i n g  t h e  model i s  t h e  

inadve r t en t  cons t ruc t ion  o f  a black-body c a v i t y  on t h e  model. 

if some p o r t i o n  of t he  protoiyTe coii tains a f a i r l y  deep depres- 

a i m ,  it, my begin t o  approach a black-body when reduced i n  s i z e .  

I n  t h a t  event ,  t h e  abso rp t iv i ty  of t h e  coa t ing  which has  been 
I 

app l i ed  may no t  be t h e  t r u e  a b s o r p t i v i t y  of t h a t  area. 

1/12 s c a l e  model which w a s  used, t h i s  problem d i d  no t  arise.  

I n  t h e  

I n  t e s t s  of t h e  type  descr ibed i n  t h i s  s ec t ion ,  it is v a l i d  

t o  i n t e r p o l a t e  between d i f f e r e n t  coa t ings  provided a l l  are d i f f u s e  

o r  equa l ly  specular .  It i s  not  c o r r e c t  t o  use  view f a c t o r s  ob- 

t a i n e d  for d i f f u s e  coat ings t o  apply  t o  specu la r  coa t ings .  

I 
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2. Ex te rna l  Radiat ion 

a. Solar Radiat ion 

The amount of d i r e c t  s o l a r  r a d i a t i o n  which reaches  any part 

of  t h e  v e h i c l e  i s  a f f e c t e d  on ly  by t h e  conf igu ra t ion  of  t h e  v e h i c l e  

U*.U n n A  A n n e  Y Y I Y  nnt ..”” t-hanum -..-.-Ov rlliring ----. nrhit. - - - - -  9inr.n t h e  v e h i c l e  o r i e n t a t i o n  i s  

fixed w i t h  r e spec t  t o  t h e  sun. 

be completely col l imated.  Normally, t h e  s o l a r  c o l l e c t o r  f aces  t h e  sun 

and t h e  remainder of t h e  vehic le  r ece ives  no d i r e c t  s o l a r  radia- 

t i o n .  I n  t h e  inves t iga t ion  o f  misalignment of  t h e  vehic le ,  how- 

ever, it i s  p o s s i b l e  f o r  p a r t s  of  t h e  t o r u s  and/or t h e  l i f e  

support  cy l inde r  t o  receive r a d i a t i o n  from t h e  8un. 

t h e  above descr ibed  view f a c t o r s  are used t o  determine t h e  t o t a l  

amount of s o l a r  r a d i a t i o n  absorbed by any s u r f a c e  area. 

t o t a l  s o l a r  r a d i a t i o n  i s  merely t h e  s o l a r  cons tan t  mu l t ip l i ed  by 

t h e  a b s o r p t i v i t y  of t h e  sur face  t o  s o l a r  r a d i a t i o n  and t h e  appro- 

p r i a t e  view f a c t o r .  

w i th  r e s p e c t  t o  t h e  sun during t h e  o r b i t ,  t h e  view f a c t o r  f o r  

each area changes correspondingly. 

s o l a r  r a d i a t i o n  ca l cu la t ion  t o  account f o r  t h e  s a t e l l i t e  en te r ing  

t h e  shadow of t h e  e a r t h .  I f s > v / 2  and 

then  t h e  s a t e l l i t e  receives  no s o l a r  r a d i a t i o n .  

The r a d i a t i o n  i t s e l f  i s  assumed t o  

I n  that case,  

The 

If t h e  o r i e n t a t i o n  of t h e  v e h i c l e  changes 

It  is necessary  t o  l i m i t  t h e  

1 ( H  + r ) ( s i n  5 ) I  r, 

b. Ea r th  Radiat ion 

For purposes of ca lcu la t ion ,  t h e  e a r t h  i s  assumed t o  be a 

b lack  body r a d i a t o r  a t  250°K. The amount.of r a d i a t i o n  reaching 

any s u r f a c e  area on t h e  vehic le  i s  determined by i n t e g r a t i n g  t h e  
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* ' con t r ibu t ion  of incremental  areas on t h e  t fv i s ib l e t f  s p h e r i c a l  cap 

of t h e  e a r t h  over  t h e  e n t i r e  cap (See F igure  

uniquely determines t h e  view f a c t o r  s i n c e  t h e  v e h i c l e  i s  assumed 
7 2) .  The angle 

t o  be r o t a t i n g  about i ts axis  of  symmetry. The surface of t h e  

earth i s  treated as a Lambert's Law r a d i a t o r .  Thus, tne interi- 

sity cf r a d i a t i o n  reaching t he  given s a t e l l i t e  s u r f a c e  i s  t h e  

normal ou tpu t  of t h e  earth 's  area times t h e  cos ine  of t h e  angle 

2 times t h e  appropr i a t e  view f a c t o r  d iv ided  by WL The d i s t a n c e  

L i s  a func t ion  of t h e  angle OC , t h e  angle between t h e  satel l i te  

I 

,I 

r a d i u s  vectok and a ring on. the  su r face  of t h e  s p h e r i c a l  cap. 

L = J2r (r  + ~ ) ( 1  - cos o~ ) + ~2 
Angle p i s  a l s o  dependent only on ,the c e n t r a l  a n g l e  d, 

The t o t a l  area of t h e  v i s i b l e  s p h e r i c a l  cap is computed as fol lows:  
I 

where 
-1 

r 
H + r  

d,= cos  

Then t h e  t o t a l  r a d i a t i o n  from t h e  e a r t h  i s  

PL c *  
I 

The extent o f , t h e  v i s i b l e  cap i s  l i m i t e d  by not  a l l o w i q  angle 

t o  exceed p / 2  during the  i n t e g r a t i o n  process .  
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I n  t h e  event  t h a t  a condi t ion of non-rotat ion of t h e  sa te l l i t e  

were t o  be inves t iga ted ,  another v a r i a b l e  would be r equ i r ed  t o  de- 

f i n e  t h e  view f a c t o r  f o r  the v a r i o u s  s a t e l l i t e  a reas .  The angle1)  
\ 

can be used f o r  t h i s  purpose, vo being some arbitrary loca t ion .  

C .  Allbedo Radiation 

The eart.h can he assumed t o  r e f l e c t  s o l a r  r a d i a t i o n  d i f f u s e l y .  

The albedo o f  t h e  e a r t h  is approximately 0.35. The amount of  

s o l a r  r a d i a t i o n  r e f l e c t e d  normal t o  any area on t h e  e a r t h ' s  s u r f a c e  

i s ,  the re fo re ,  0.35 times the  s o l a r  cons tan t  times t h e  cos ine  of 

angle p . How much of t ha t  i s  absorbed by any sa te l l i t e  surface 

area is c a l c u l a t e d  by mult iplying by t h e  appropr i a t e  form f a c t o r ,  

t h e  a b s o r p t i v i t y  t o  s o l a r  r a d i a t i o n  and d iv id ing  by nL2. Some 

areas of t h e  e a r t h  which may be v i s i b l e  t o  t h e  satel l i te  l i e  i n  

shadow and do no t  r e f l e c t  s o l a r  r ad ia t ion .  

i n  ques t ion  does not r e f l e c t .  The same tme of i n t e g r a t i o n  which 

a p p l i e s  f o r  e a r t h  r ad ia t ion  i s  used i n  t h i s  case  t o  determine t h e  

t o t a l  r a d i a t i o n  t o  each area on t h e  satell i te.  The a c t u a l  i n t e -  

g r a t i o n s  descr ibed  above are  performed by a series of  IBM 704 

programs which were wr i t t en  s u r i n g  t h e  course of t h i s  s tudy.  

I f  p >  n / 2  , t h e  area 
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J .  1 ;..I. d~,l ;r i  Fxchange 

T h e  r a d i a t i o n  interchdnge t h a t  t akes  p l ace  a t  any p o r t i o n  of 

t h e  veh ic l e  c o n s i s t s  of in-oming r a d i a t i o n  from e x t e r n a l  sources ,  

r a d i a t i o n  out  from t h e  surface t o  space,  and an exchange of r ad i -  

amount of r a d i a t i o n  interchange which t a k e s  p l ace  a t  a g iven  sur-  

f a c e  w i l l  vary  w i t h  vehicle  conf igu ra t ion  and t h e  r e f l e c t i v i t y  and 

emiss iv i ty  of t h e  sur face  coat ing,  and mdst  be determined f o r  each 

such caseo  For a given conf igura t ion  and coa t ing ,  a l l  t h e  r a d i -  

a t i o n  emi t ted  by a sec t ion  of t h e  veh ic l e  even tua l ly  e i t h e r  es- 
f 

capes t o  space,  i s  absorbed by another  s e c t i o n  of t h e  vehic le ,  o r  

i s  reabsorbed by t h e  emit t ing sur face .  The percentage of r ad ia -  

t i o n  from any sec t ion  f a l l i n g  i n t o  each of t h e s e  ca t egor i e s  w i l l  

remain unchanged regard less  of t h e  i n t e n s i t y  o f  r a d i a t i o n  from 

t h e  sec t ion .  This i s  apparent from t h e  fo l lowing  argument. 

Idea l iz iRg t h e  veh ic l e  as a l a r g e  number of  d i f f e r e n t i a l  p lane  
t 

areas, t h e r e  will be a f i n i t e  number of pa ths  t h a t  r a d i a t i o n  

from a c e r t a i n  s e c t i o n  car. take. 

d i r e c t l y  t o  space. 'The remainder w i l l  impinge on d i f f e r e n t  areas 

of t h e  v e h i c l e  and e i t h e r  b e  absorbed o r  r e f l e c t e d .  After each 

r e f l e c t i o n  a given amount w i l l  e i t h e r  escape t o  space,  be re- 

f l e c t e d  aga in  o r  be absorbed by some sec t ion .  

r a d i a t i o n  leaving  t h e  o r i g i n a l  s e c t i o n  w i l l  on ly  double t h e  a- 

mount of r a d i a t i o n  following each of t h e s e  paths .  Thus t h e  

p a t t e r n  o f  d i s t r i b u t i o n  of r a d i a t i o n  from any given s e c t i o n  i s  

only  a func t ion  of veh ic l e  geometry and s u r f a c e  p r o p e r t i e s .  

A c e r t a i n  amount w i l l  escape 

Doubling t h e  
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The amount of r ad ia t ion  escaping d i r e c t l y  t o  space from any 

s e c t i o n  may be accu ra t e ly  determined us ing  t h e  p rev ious ly  d i s -  

cussed view f a c t o r s  f o r  r a d i a t i o n  from an e x t e r n a l  source.  

Consider t h e  veh ic l e  t o  be surrounded by a sphere a t  t h e  tem- 

pe ra tu re  of  t h e  s e c t i o n  i n  ques t ion .  

a black body. 

Assume t h e  sphere t o  be 

D e t e m l n e  t h e  amoiint of r a d i a t i o n  from t h i s  sphere 

t h a t  i s  absorbed by t h e  sect ion.  

an i n t e g r a t i o n  over t h e  sphere us ing  t h e  view f a c t o r s  f o r  r ad i -  

This may be done by performing 

a t i o n  from an e x t e r n a l  source, i n  t h e  same manner t h a t  r a d i a t i o n  

from t h e  e a r t h ' s  cap w a s  determined. The amount o f  r a d i a t i o n  

emit ted by t h e  sphere and absorbed by t h e  s e c t i o n  i s  equal  t o  t h e  

r a d i a t i o n  emi t ted  by t h e  sec t ion  and absorbed by t h e  sphere. 

Since t h e  t o t a l  r a d i a t i o n  from t h e  s u r f a c e  can be ca l cu la t ed  i f  

t h e  temperature  and emiss iv i ty  are known, t h e  r a t i o  of t h e  r ad i -  

a t i o n  t o  t h e  sphere t o  the t o t a l  r a d i a t i o n  can be computed. This 

i s  t h e  view f a c t o r  of space f o r  t h e  sec t ion .  

In t h e  case a t  hand, where t h e  v e h i c l e  i s  r o t a t i n g ,  t h e  view 

f a c t o r  of space f o r  any seckion i s  only  a func t ion  of 31 , t h e  

angle  between a l i n e  f r o m t h e  v e h i c l e  t o  t h e  e x t e r n a l  source and 

t h e  v e h i c l e  axis of ro t a t ion .  If F i (  7 ) i s  t h e  view f a c t o r  f o r  . 

0 

The problem of experirr.entally determining t h e  view f a c t o r s  

from one v e h i c l e  s e c t i o n  t o  another  i s  more d i f f i c u l t  s i n c e  a 
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t es t  procedure analagous t o  t h a t  f o r  r a d i a t i o n  from an external 

' T  

source r e q u i r e s  t h a t  each sec t ion  a c t  as a r a d i a t i o n  source.  It 

i s  poss ib le ,  however, t o  r e s o r t  t o  approximate a n a l y t i c a l  methods 

o r  estimates without  l o s s  of accuracy. I n  t h e  v e h i c l e  under con- 

siderati&n or.ji the  --: --- n- -I - - -  L -I--- 
view L d C L U 1 ' 3  uo~waen t he  c ~ l l e c i ~ r  atid ihe 

res t  of t h e  veh ic l e  need be determined w i t h  any g r e a t  degree  of  

accuracy because t h e  c o l l e c t o r  r e p r e s e n t s  t h e  only s e c t i o n  of  t h e  

veh ic l e  w i th  a high emiss iv i ty  and wi th  temperatures  r a d i c a l l y  

d i f f e r e n t  from 70°F. 

I n  computing view f a c t o r s  between sec t ions ,  we are concerned 

w i t h  determining t h e  view f a c t o r s  which desc r ibe  how much r ad i -  

a t i o n  i s  absorbed by each surface.  T h i s  i s  i n  c o n t r a s t  t o  d i r e c t  

view f a c t o r s  which merely descr ibe  how much r a d i a t i o n  impinges on 

a su r face  wi thout  t ak ing  r e f l e c t i o n s  i n t o  account. However, t h e s e  

d i r e c t  view f a c t o r s  are  more easy t o  determine s i n c e  they  are o n l y  

a funct ion  of veh ic l e  geometry and do no t  have t o  be recomputed 
e 

f o r  changes i n  t h e  s u r f a c e  p r o p e r t i e s  of t h e  vehic le .  The t o t a l  

view f a c t o r s  may be computed from t h e  d i r e c t  view f a c t o r s  merely 

by t r a c i n g  r a d i a t i o n  from sur face  t o  s u r f a c e  on t h e  vehic le .  Con- 

sider t h e  r a d i a t i o n  leaving one s e c t i o n  and impinging d i r e c t l y  on 

t h e  remaining su r faces  o r  escaping d i r e c t l y  t o  space, according 

t o  t h e  d i r e c t  view f a c t o r s  f o r  t h e  sur face .  Each of t h e  o t h e r  
I 

su r faces  absorbs some of the r a d i a t i o n  and F e f l e c t s  t h e  rest. 

The view f a c t o r  of t h e  r e f l e c t i n g  s u r f a c e  determines t h e  d i s t r i -  

bu t ion  of t h e  r e f l e c t e d  rad ia t ion .  I n  t h i s  fash ion  t h e  r a d i a t i o n  
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i s  t r aced  u n t i l  a l l  but a n e g l i g i b l e  amount i s  absorbed o r  escapes 

t o  space. 

r e l a t i v e l y  simple matrix operation. 

t h e  p o s s i b i l i t y  of s t rong  s p e c u l a r i t y  i n  t h e  r e f l e c t i v e  p r o p e r t i e s  

of t h e  su r faces .  When a specular  s u r f a c e  is being analyzed, it 

is necass=ry t o  divide  the problem artd treat t h o  d i f h s e  and 

specular  components ind iv idua l ly .  

This process  can be programmed f o r  a computer as a 

One complicat ing f a c t o r  i s  

The procedures  are similar. 

I n t e r n a l  view f a c t o r s  between s u r f a c e s  w i t h i n  t h e  v e h i c l e  

are important  because t h e  i n s i d e  of t h e  v e h i c l e  w i l l  rely heav i ly  

on r a d i a t i o n  exchange t o  aid i n  main ta in ing  even tempera ture  

d i s t r i b u t i o n s  over  t h e  surface.  General ly ,  t h e  i n t e r n a l  geometry 

i s  more simple than  ex terna l  and will f r e q u e n t l y  y i e l d  t o  a numer- 

i c a l  ana lys i s .  Such i s  t e case  w i t h  t h e  to rus .  The d i r e c t  view 

f a c t o r s  from any p o i n t  on the s u r f a c e  t o  any o t h e r  s e c t i o n  of t h e  

su r face  are determined by taking a l a r g e  number of r a y s  from t h e  

po in t  t o  a l l  d i r e c t i o n s  such t h a t  the  d i f f e r e n t i a l  a r e a s  a s soc i -  

a t e d  wi th  t h e  r ays  cover a l l  t h e  reg ion  seen  by t h e  po in t .  Each 

r a y  has a d i f f e r e n t i a l  amount of r a d i a t i o n  based on t h e  cos ine  law 

and i t s  d i f f e r e n t i a l  area. 

i n t e r s e c t s ,  and summing the r a d i a t i o n  coming i n t o  each s e c t i o n  

from t h e  rays t h a t  i n t e r s e c t  it, t h e  d i r e c t  view f a c t o r  may be 

determined. 

D i g i t a l  Computer. The r e s u l t s  appear i n  F igure  21. 

4 

By determining which s e c t i o n  each r a y  

This  process  has been programmed f o r  t h e  IBM 704 
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4. T o t a l  Vehicle T i m e  History Evaluat ion 

The h e a r t  of any t r ans i en t  temperature  t ime h i s t o r y  a n a l y s i s  

f o r  a veh ic l e  of such complexity must be a l a r g e  d i g i t a l  computer 

program. T h i s  program must be a b l e  t o  eva lua te  all modes of h e a t  

t r a n s f e r  between d i f f e r e n t  sec t ions  and components of  t h e  v e h i c l e  

and i n t e g r a t e  flow rates t o  determine temperatures.  

requirement of t h i s  veh ic l e  i s  t h a t  temperatures  should not  

Since one 

f l u c t u a t e  g r e a t l y  i t  i s  not  necessary t o  use a complex numerical  

i n t e g r a t i o n  technique. Except f o r  t h e  case o f  t h e  c o l l e c t o r ,  
@ 

which i s  handled independently anyway, temperature  d e r i v a t i v e s  

w i t h  t i m e  will change slowly and smoothly so t h a t  a s imple 

p red ic to r - co r rec to r  i n t eg ra t ion  technique  or even a f i r s t  o r d e r  

p r e d i c t i o n  of t h e  form 

w i l l  s u f f i c e .  The temperature d e r i v a t i v e s  wi th  time a r e  merely 

' t h e  heat  f low rates in o r  out  of a s e c t i o n  o r  component d iv ided  

by t h e  heat capac i ty  of  same, The bulk of  t h e  program i s  de- 

voted t o  eva lua t ing  t h e s e  f l o w  rates. 

The f i r s t  s t e p  i s  t o  d iv ide  t h e  vehicae i n t o  a number of 

i so thermal  s e c t i o n s  and components. These s e c t i o n s  should be 

small enough t o  make t h e  assumption of cons tan t  temperature  over  

a su r face  reasonable ,  and l a r g e  enough so t h a t  a n  unwieldly 

number i s  not  requi red .  For an ax ia l ly  symmetric, r o t a t i n g  

veh ic l e ,  t h e s e  s e c t i o n s  will be c i r cumfe ren t i a l  s t r i p s  s i n c e  

r a d i a t i o n  inpu t  about any circumferenre w i l l  be evened out  by t h e  
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r o t a t i o n .  For a non-rotating vehic le ,  f u r t h e r  subd iv i s ion  i s  

necessary.  I n  t h e  prelinrinary des ign  s tage ,  equipment can only  

be  descr ibed by weight and heat output .  

t r e a t e d  as a s i n g l e  component a s  a uniform temperature.  

It must t h e r e f o r e  be 

Since 

t h e  p a t t e r n  of  a i r  c i r c u l a t i o n  w i t h i n  t h e  v e h i c l e  i s  one of  t h e  

major f a c t o r s  t o  be determined, t h e  i n t e r n a l  vehicle a i r  must be 

handled i n  a gene ra l  fashion.  

assuming t h e  v e h i c l e  t o  be subdivided i n t e r n a l l y  i n t o  imaginary 

compartments such t h a t  each compartment conta ins  a mass of a i r  

This  i s  b e s t  accomplished by 

a t  a uniform temperature.  

considered as a component, having a f i x e d  hea t  capac i ty .  

C i r cu la t ion  o f  a i r  between these compartments will be d iscussed  

Each o f  t h e s e  masses of a i r  w i l l  be  

s h o r t l y .  

accomplished, hea t  c a p a c i t i e s  and hea t  t r a n s f e r  p r o p e r t i e s  of 

Once t h e  subdivis ion i n t o  sec t ions  and components i s  

each s e c t i o n  must be determined. 

For a s p e c i f i c  o r b i t ,  the  fol lowing prdcedures would be 

followed : 
\ 1. Based on t h e  tests t o  determine view f a c t o r s  f o r  r ad ia -  

t i o n  from an  ex terna l  source  t h e  r a d i a t i o n  i n p u t  t o  each 

s e c t i o n  from earth and albedo r a d i a t i o n ,  and poss ib ly  

d i r e c t  s o l a r  r ad ia t ion  i s  precomputed and pu t  i n  t a b l e  

form as a func t ion  of o r b i t a l  p o s i t i o n  and v e h i c l e  

s u r f a c e  c h a r a c t e r i s t i c s .  Each s k i n  s e c t i o n  w i l l  then  

absorb e x t e r n a l  r a d i a t i o n  as a func t ion  of i t s  area 

and su r face  proper t ies .  

Each s k i n  s e c t i o n  will r a d i a t e  e x t e r n a l l y  as a func t ion  2. 

of i t s  temperature  and s u r f a c e  p rope r t i e s ,  and t h i s  
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C. So lar  Co l l ec to r  

The 3 o l a r  c o l l e c t o r  i s  a l a r g e  d i s c  which w i l l  be used e i t h e r  

as a r e f l e c t o r  f o r  a s o l a r  bo i l e r  o r  as a mounting f o r  a bank of 

s o l a r  c e l l s .  

The v e h i c l e  o r i e n t a t i o n  i s  maintained so t h a t  t h e  c o l l e c t o r  

always f a c e s  t h e  sun. 

remainder o f  t h e  veh ic l e  from d i r e c t  s o l a r  r ad ia t ion ,  t h e  c o l l e c t o r  

While t h i s  is  a g r e a t  a i d  i n  s h i e l d i n g  t h e  

i s  subjec ted  t o  an extreme v a r i a t i o n  i n  environment as t h e  v e h i c l e  

moves i n  and ou t  of t h e  shadow of  t h e  ea r th .  

c o l l e c t o r  d e s i g n  c o n s i s t s  of a honeycomb aluminum d i s c  wi th  f a c e s  

of  .003" s h e e t  and a .0Ol1' core, $11 a c r o s s  t h e  hex f la t s .  

A suggested b a s i c  

The major r e s t r i c t i o n  on t h e  c o l l e c t o r  hea t  balance will be 

A bonded hon&comb will r e s t r i c t  maximum a l lowable  temperature. 

t h e  maximum temperature  t o  about 250°F whi le  t h e  use  of s o l a r  c e l l s  

w i l l  limit t h e  temperature even more r a d i c a l l y .  

c o l l e c t o r  is  used as a r e f l e c t o r  o r  a s o l a r  c e l l  bank, it w i l l  have 

Whether t h e  

two s i g n i f i c a n t  hea t  t r a n s f e r  c h a r a c t e r i s t i c s .  I t  will be of low 

hea t  capac i ty  and low conductivity.  

t ime h i s t o r y  of  a poin t  on the  c o l l e c t o r  dur ing  o r b i t  w i l l  show t h e  

temperatures  t o  be no more than s e v e r a l  degrees  away from t h e  

equi l ibr ium temperature  a t  any time. Further ,  conduction between 

two d i f f e r e n t  p o i n t s  on t h e  co l l ec to r  will have a n e g l i g i b l e  

e f f e c t  on t h e  temperatures.  

c o l l e c t o r  has a n  adverse e f f ec t .  

mentioned, t h e  conduct iv i ty  i s - o f  t he  o rde r  o f :  

This  means t h a t  a temperature  
I 

The low conduct iv i ty  through t h e  

For t h e  honeycomb cons t ruc t ion  
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k = .8 AT + .028 AT2 BTU/HR-FT2-"F 

where OT i s  t h e  temperature d i f f e r e n t i a l  between t h e  two faces .  

This  results i n  a temperature d i f f e rence  of 20 t o  30 degrees  

Fahrenheit ,  a n  important f a c t o r  when maximum temperatures  approach 

a c r i t i c a l  l i m i t .  

The cond i t ions  t h e  co l l ec to r  encounters  wiii be most s t r o n g l y  

T h i s  w i l l  determine affected by the se lae t ior ;  sf a v e h i c l e  w h i t .  

how long t h e  v e h i c l e  i s  t o  be i n  sun l igh t .  

c a p a c i t y  of  t h e  c o l l e c t o r  i s  so low, t h e  peak temperatures  are 

unaf fec ted  by o r b i t  changes., Only t h e  per iods  of time spent  a t  

t h o s e  temperatures  change. 

Because t h e  h e a t  

There are two ways i n  which t h e  temperature  of t h e  c o l l e c t o r  

may be con t ro l l ed .  

coa t ing  f o r  t h e  t o r u s  s i d e  of t h e  c o l l e c t o r .  

t h e r e  will be l i t t l e  choice i n  t h e  sun s i d e  coa t ing  s i n c e  t h a t  

w i l l  be s e t b y t h e  func t ion  of t h e  c o l l e c t o r .  

as a r e f l e c t o r ,  t h e  sun s i d e  will be pol i shed  aluminum. 

The major f a c t o r  will be t h e  s e l e c t i o n  of a 

It i s  assumed t h a t  

Jf it is t o  be used 

If s o l a r  

c e l l s  are used, t h e  c e l l  c h a r a c t e r i s t i c s  w i l l  determine t h e  

absorp t ion  and r a d i a t i o n  proper t ies .  The problem i s  t o  provide 

enough hea t  d i s s i p a t i o n  t o  keep t h e  c o l l e c t o r  from overheat ing.  

This  w i l l  r e s u l t  i n  high values of  emis s iv i ty  f o r  t h e  t o r u s  s ide .  

I n  t h i s  case,  a second cons idera t ion  becomes important ;  

r a d i a t i o n  i n t e r f e r e n c e  from t h e  t o rus .  If a h igh ly  r e f l e c t i v e  

s u r f a c e  i s  i n  c l o s e  proximity t o  t h e  c o l l e c t o r ,  t h e  e f f e c t i v e  

r a d i a t i n g  area will be reduced, r a i s i n g  t h e  c o l l e c t o r  temperature.  
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Ar! a d d i t i o n a l  problem area i s  t h e  c e n t e r  s e c t i o n  of t h e  

c o l l e c t o r  behind t h e  l i f e  support cy l inder .  

r a d i a t i n g  from i t s  back f a c e  and t h e r e f o r e  must e l imina te  i t s  

h e a t  from t h e  sun s ide .  

x i t h  a h igh  v a l u e  of 

The use  of $.his area f o r  s o l a r  c e l l s  i s  not  recommended. 

This  area can do no 

This is  accomplished by using a coa t ing  

g , / d s  such as a whi te  po rce l a in  enamel. 

The a n a l y s i s  of t h e  co l l ec to r  temperatures  may be completed 

wi thout  t h e  n e c e s s i t y  of coupling t h e  s o l u t i o n  t o  t h e  hea t  

ba lance  f o r  t h e  remainder of t h e  vehic le .  While it i s  necessary  

t o  know t h e  temperatures  o f  the c o l l e c t o r  throughout t h e  o r b i t  

i n  o rde r  t o  perform t h e  hea t  balance on t h e  t o r u s  and t h e  cy l in-  

de r ,  t h e  reverse i s  not  t r u e .  

a t  a near cons tan t  temperature of 70°F t h e  v a r i a t i o n  i n  r a d i a t i o n  

from t h e  t o r u s  t o  t h e  co l l ec to r  will not  change s i g n i f i c a n t I y  

dur ing  an orbit ' .  

determine c o l l e c t o r  temperatures. 

Since t h e  t o r u s  i s  t o  be maintained 

The following informat ion  i s  necessary  t o  

1. 

2. I n c l i n a t i o n  of  o r b i t  t o  ear th-sun l i n e .  

3 .  

E. and ds f o r  t h e  sun s i d e  and t,orus s ide .  

V i e w  f a c t o r s  t o  determine t h e  amount of e a r t h  r a d i a t i o n  

and albedo t o  both s ides  of t h e  c o l l e c t o r .  

View f a c t o r s  t o  determine t h e  amount of r a d i a t i o n  t h e  

c o l l e c t o r  r ece ives  from t h e  t o r u s  and cy l inder .  

4. 

The de termina t ion  and use of t he .v i ew f a c t o r s  i n  3 and 4 a r e  

These view f a c t o r s  thoroughly d iscussed  i n  t h e  sec t ion  on Yethods. 

must be determined f o r  d i f f e r e n t  p o s i t i o n s  on t h e  c o l l e c t o r  s i n c e  

t h e  geometry of t h e  v e h i c l e  will r e s u l t  i n  a wide v a r i a t i o n  r a d i a l l y .  
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The sun s i d e  of t h e  co l l ec to r  r e c e i v e s  h e a t  from t h e  sun except  

when t h e  v e h i c l e  e n t e r s  t h e  shadow of t h e  ea r th .  It  i s  a l s o  sub- 

j e c t  t o  albedo and e a r t h  r ad ia t ion  f o r  s l i g h t l y  more than  h a l f  t h e  

o r b i t .  It r a d i a t e s  t o  space  a t  some sun s i d e  temperature,  T i ,  w i th  

2 vim f zc tn r  of  lo@. 

a t e d  away i s  conducted through t h e  c o l l e c t o r  s t r u c t u r e  based on 

t h e  conduct iv i ty  and t h e  temperature d i f f e r e n t i a l  a c r o s s  t h e  

c o l l e c t o r  f aces .  

The port ion of  t h e  absorbed hea t  no t  r a d i -  

The t o r u s  s i d e  of t h e  co l l ec to r  r e c e i v e s  hea t  by conduction 

through t h e  s t r u c t u r e  as s ta ted  above. 

r a d i a t i o n  and albedo based on its p o s i t i o n  i n  o r b i t  and t h e  

absorp t ion  c h a r a c t e r i s t i c s  of its sur face .  The t o r u s  is assumed 

t o  r a d i a t e  t o  t h i s  s i d e  of the c o l l e c t o r  a t  some f i x e d  temperature.  

The t o r u s  s i d e  of t h e  col lectOr r a d i a t e s  t o  space and t o  t h e  

t o r u s  a t  some temperature,  T2. 

It a l s o  r ece ives  e a r t h  

The amount of e a r t h  r ad ia t ion  and albedo r ea th ing  any area 

on t h e  c o l l e c t o r  as a funct ion of  o r b i t a l  p o s i t i o n  i s  determined 

as fo l lows .  For t h e  sun s ide ,  t h e  view f a c t o r s  f o r  p o s i t i o n s  i n  

space fol low Lambert's Cosine Law. 

it i s  assumed t h a t  t h e  co l l ec to r  behaves as though it were a f l a t  

p l a t e .  

From a view f a c t o r  s tandpoin t ,  

On t h e  t o r u s  s i d e  of t h e  c o l l e c t o r ,  t h e  view f a c t o r s  of 

va r ious  angular  pos i t i ons  i n  space are determined by t h e  view 

f a c t o r  t e s t s  descr ibed  above. The view f a c t o r s  are used i n  t h e  

I B N  704 program f o r  i n t eg ra t ing  r a d i a t i o n  from t h e  e a r t h ' s  
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and t h e  minimum a t  8 = 180". The r e s u l t s  show t h a t  t h e  

r a t i o  i s  most s i g n i f i c a n t  wi th  va lues  of dsl,( 1.0 being most 

ds/c 

. e f f e c t i v e  i n  prevent ing high temperatures.  For a pol i shed  

aluminum sun s ide ,  (d = 0.1, E = O.O5),  t empera tures  remain 

be low 200°F when tne t o r u s  sur face  i s  coated so t h a t d L 0 . k  5- and 

When t h e  sun s i d e  has  a higher a b s o r p t i v i t y ,  sGch as t h e  

case  of a c o l l e c t o r  covered with s o l a r  c e l l s ,  it i s  necessary  t o  

conduct t h e  h e a t  through t h e  c o l l e c t o r  and r a d i a t e  it away on t h e  

t o r u s  s ide.  I n  t h i s  case,  values i n  t h e  o rde r  of ds = 0.4 and 

= 0.8 are required.  I n  addi t ion ,  it might be necessary t o  use  

i n  a mosaic wi th  t h e  cel ls  a coa t ing  w i t h  low values  of d s k  

on t h e  sun s ide .  I n  genera l ,  t he  high temperature  cond i t ion  of 

t h e  c o l l e c t o r  w i th  s o l a r  c e l l s  can be r e l i e v e d  by moving t h e  

c o l l e c t o r  7-8 feet from t h e  torus .  This  e f f e c t  i s  l i m i t e d  by t h e  

f a c t  t h a t  t h e  sh i e ld ing  q u a l i t y  of t h e  c o l l e c t o r  i s  reduced when 

its d i s t a n c e  from t h e  t o r u s  increases. 

For t h e  a r e a  of t h e  c o l l e c t o r  d i r e c t l y  ad jacen t  t o  t h e  l i f e  

support  cy l inder ,  it i s  imperat ive t h a t  t h e  s u r f a c e  be a b l e  t o  

r a d i a t e  s u f f i c i e n t l y  from t h e  t o p  s i d e  t o  prevent  excess ive  heat 

conduction i n t o  t h e  cy l inder .  White po rce l a in  enamel w i t h  d s  = 

0.2 and E =  0.8 would be a s u i t a b l e  coat ing.  , 
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s p h e r i c a l  cap ( e a r t h  r a d i a t i o n  and albedo)  t o  determine t h e  t o t a l  

h e a t  input .  

t h e  s o l a r  cons tan t ,  440 BTU/HR FT2, and d s ,  t h e  a b s o r p t i v i t y  of  

Solar r a d i a t i o n  t o  t h e  c o l l e c t o r  i s  t h e  product of 

t h e  c o l l e c t o r  s u r f a c e  t o  t h e  solar spectrum. With t h i s  informa- 

t i o n  t h e  temperatures  on t h e  c o l l e c t o r  may be  ca l cu la t ed  f o r  any 

l o c a t i o n  i n  t h e  o r b i t  by an  i t e r a t i v e  process  as fol lows:  

1. 

2. 

Determine t h e  r ad ia t ion  inpu t  t o  t h e  sun s ide .  

Assume a va lue  f o r  Ti, t h e  temperature  on t h e  sun s ide .  

3.  Calcula te  t h e  r ad ia t ion  ou t  of t h e  sun s i d e  a t  temper- 

a ture  TI. 

f lux  i s  assumed t o  be conducted through t h e  c o l l e c t o r .  

The d i f f e rence  between absorbed and r e r a d i a t e d  

4. Compute t h e  A T  necessary t o  conduct t h e  hea t  through, 

based on t h e  known conduct iv i ty  o f  t h e  s t r u c t u r e .  

5 .  Solve f o r  T2, t h e  temperature on t h e  t o r u s  s i d e  of t h e  

c o l l e c t o r ,  based on T 1  and AT. 

6. I t e r a t e  on TI, until a balance i s  obta ined  between 

r a d i a t i o n  i n  and out a t  T2 and conduction through 

t h e  s t r u c t u r e .  
\ 

This procedure w a s  appl ied t o  t h e  c o l l e c t o r  a t  three r a d i a l  

p o s i t i o n s  f o r  an  o r b i t  inc l ined  a t  30" t o  t h e  earth-sun l i n e  

us ing  estimated view f a c t o r s .  More than  40 combinations of d, 

and 

i n v e s t i g a t e d  us ing  t h e  IBM 704 c o l l e c t o r  temperature  program. 

The r e s u l t s  are presented i n  Figure 23. 

temperatures  i n  a l l  cases  occured a t  0 = 0" ( t h e  noon p o s i t i o n )  

f o r  t h e  upper and lower s u r f a c e s  of t h e  c o l l e c t o r  were 

The m a x i m u m  

i 
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D. Torus and Life-support  Cylinder 

'7 

I 

The t o r u s  of t h e  vehic le ,  which i s  used as t h e  l iving q u a r t e r s  

and work arFa f o r  t h e  crew must be maintained a t  a near  cons tan t  

temperature  of '70°F. 

involved i n  t h e  balance,  t h a t  of minimizing t h e  e f f e c t s  of  t h e  

v a r i a t i d n s  i n  incoming r ad ia t ion  t o  t h e  veh ic l e  dur ing  an o r b i t .  

I n  add i t ion  t o  maintaining the temperature  of t h e  a i r  i n  t h e  t o r u s  

a t  a cons tan t  temperature t h e  s k i n  temperature  should not change 

enough t o  cause discomfort  t o  a person near  a w a l l .  

support  cy l inde r  houses t h e  bulk of  t h e  equipment i n  t h e  v e h i c l e  

and must be maintained a t  temperatures which w i l l  p revent  over- 

hea t ing  of t h e  equipment. 

crew t o  e n t e r  t h e  cy l inde r  although not  n e c e s s a r i l y  wh i l e  a l l  

equipment i s  opera t ing .  

This requirement shapes t h e  e n t i r e  e f f o r t  

The l i f e -  

It should a l s o  be poss ib l e  f o r  t h e  ' 

A veh ic l e  i n  a 400 mile  o r b i t ,  p ro t ec t ed  from d i r e c t l y  i n c i -  
I 

d e n t  sun l igh t  by a c o l l e c t o r ,  as t h i s  veh ic l e  i s ,  would tend  t o  

cyc le  i n  temperature  about some mean temperature  between 0°F and 

50°F. The a c t u a l  mean would depend on t h e  &S/G r a t i o  o f  t h e  

v e h i c l e  sur face ,  wi th  mean temperature inc reas ing  f o r  i nc reas ing  

ds/e. . With 10,000 BTU/HR being generated,  appropr i a t e  d s  and 

E- values  can be found t o  produce a mean temperature  balance a t  

70°F. Figure 20 shows appropr ia te  d S / ~  combinations f o r  

o r b i t s  of a l l  i n c l i n a t i o n s .  

aluminized mylar coa t ing  over t h e  whole veh ic l e  would result i n  

excess ive  temperatures  due t o  t h e  i n a b i l i t y  of t h e  skin t o  d i s s i p a t e  

. 

I t  should be pointed o u t  t h a t  an 
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Within t h e  to rus ,  t h e  a i r  should be introduced s o  t h a t  it 

f lows  a t  a high enough ve loc i ty  around t h e  w a l l s  t o  e s t a b l i s h  

a f i l m  c o e f f i c i e n t  of 1-2 BTU/HH-FT -OF. While t h a t  v e l o c i t y  

would be i n t o l e r a b l e  f o r  t he  occupants,  it can be produced by 

2 

\ 

t ~ r u s  cress-sect, ion would remain r e l a t i v e l y  s t i l l .  

Since t h e  s o l a r  co l l ec to r  depends t o  a l a r g e  e x t e n t  on i t s  

bottom su r face  ( t h a t  fac ing  the  t o r u s )  t o  r a d i a t e  s u f f i c i e n t l y  

t o  prevent overheat ing o f  the honeycomb, it would be of advantage 

t o  move t h e  c o l l e c t o r  s u f f i c i e n t l y  far  from t h e  t o r u s  s o  t h a t  t h e  

c o l l e c t o r  v i e w  f a c t o r s  t o  space are increased .  This  i s  e s p e c i a l l y  

d e s i r a b l e  when t h e  co l l ec to r  conta ins  s o l a r  c e l l s .  I n  t h a t  case,  

t h e  maximum al lowable co l l ec to r  temperatures  are lower than  f o r  

a r e f l e c t o r  configurat ion.  
! 

This r e p o r t  represents  t he  completion and f u l f i l l m e n t  of  

Phase rrA" of con t r ac t  No. NfiSl-970 between Grumman A i r c r a f t  

Engineering Corporation and NASA Langley Research Center. 

a 

1 
it 
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VIEW FACTO% OF SFACF, ARlr3 EFFXCTIVE W I A T I N G  AREA 

Section Actual ?%rea FS Ef fec t ive  Area 

1 139 .962 191 

2 241 946 228 

3 258 .';I2 23 5 

4 2w 837 202 

5 199 .512 102 

6 1 5  7 .302 47 

7 126 403 5 1  

8 143 ,801 115 

9 26 931 24 

10 50 .8P4 44 

11 47 .521 24 

12 43 0353 1 5  

13 2 1  ,297 6 

UC 125 0 1345 106 

1 5  38 .90l 34 

142L Sq. Ft. - Total Effec t ive  Area - 
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Sample Temperature for Three Points o;? the Bollector: 
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